Motorcycles are one of the primary means of transportation in many Asian metropolitan areas. Exposure to motorcycle exhaust (ME) has been shown to cause male reproductive toxicity in a rat inhalation model. In the present study, the molecular mechanisms underlying ME-induced male reproductive toxicity were examined in a rat model using nuclear magnetic resonance (NMR)-based metabolomics. Rats were treated with 1:10-diluted ME for 1 hour in the morning and 1 hour in the afternoon, daily, via head-nose-only exposure chambers, for a period of four weeks. Half of the ME-exposed rats were co-treated with vitamin E to examine its protective effects. Both hydrophilic and hydrophobic metabolites from the testes and liver were extracted for 1 H and J-resolved NMR analyses. The obtained NMR spectra were converted into series of spectral binned areas and subjected to orthogonal projections to latent structure-discriminant analyses. Decreased spermatid counts and elevated levels of betaine in the testes of rats in the ME-treated group were partially attenuated by vitamin E co-treatment. Although it was not statistically significant, we observed a consistent trend of partial reversal of the elevated levels of alanine, glycine, leucine, tyrosine, and valine in the testes of rats in the ME-treated group due to vitamin E co-treatment. Decreases in testicular ethanolamine and inositol were only significant in the group co-treated with ME and vitamin E. The testicular toxicity of ME may be due to alterations in lipid-and energy-related metabolism. We conclude that ME generates greater metabolic responses in the testes than in the liver. Treatment with vitamin E can partially reverse the molecular events in the testes.
INTRODUCTION
Motorcycles are one of the most commonly used transportation tools in Asia due to their convenience and mobility and the ease of owning, using, and parking them. There are more than 13 million registered motorcycles, which amounts to one vehicle for every two people in Taiwan. The vehicle density (ca. 466 vehicles/km 2 ) in Taiwan is nearly the highest in the world (R.O.C., 2012). Motorcycle engines, especially 2-stroke engines, are characterized by incomplete gasoline combustion; therefore, their exhaust presents a significantly greater contribution to air pollution than the exhaust from 4-stroke motorcycles and passenger cars (Vasic and Weilenmann, 2006) . To date, the air pollution and health effects caused by motorcycle exhaust (ME) have been largely underestimated and ignored. Information regarding the potential health risks due to ME is not readily available. ME may contain gas, volatile organic compounds, semivolatile organic compounds, and particulates. Benzene, toluene, ethyl benzene, xylene, polycyclic aromatic hydrocarbons (PAHs), 1,3-butadiene, and other compounds have been found in the gas phase of ME (Chang and Chen, 2008) . Both noncarcinogenic and carcinogenic PAHs, such as naphthalene, benzo [a] pyrene, benz [a] anthracene, and chrysene, were detected in ME particulates (MEP) (Ueng et al., 2005; Yang et al., 2005b; Chang and Chen, 2008) . Nearly 90% of the particulates and PAH mass from the exhaust of 2-stroke motorcycles had diameters smaller than 0.25 µm (Yang et al., 2005a) ; therefore, these particulates and compounds can travel deep into the lungs and enter the whole body via the circulation system.
MEP and MEP extracts have been demonstrated to be mutagenic (Zhou and Ye, 1997) , genotoxic , and anti-estrogenic (Ueng et al., 2004a) in vitro. The effects of ME on the respiratory system have been studied both in vitro and in vivo using cDNA microarray analysis (Ueng et al., 2005) . MEP resulted in increases in the mRNA levels of cytochrome P450 (CYP) 1A1 and 1B1, cytokines interleukin (IL)-1(α), IL-6, and IL-11, fibroblast growth factor (FGF)-6 and FGF-9 in human adenocarcinoma cells. Increases in the CYP 1A1, IL-1(α), and FGF-9 mRNA levels were also detected in the lungs of rats that had inhaled ME (Ueng et al., 2005) .
Moreover, animal models demonstrated that ME causes neurotoxicity, immunotoxicity (Lee et al., 2004) , antiestrogenicity (Ueng et al., 2004a) , and male reproductive toxicity (Huang et al., 2008) . ME inhalation elevated CYP 1A1 protein levels and monooxygenase activity Ueng et al., 2004b) in the rat liver, lungs, and kidneys. Alterations in CYP 2B1 protein levels were found to be organ specific (Ueng et al., 2004b) . Several antioxidant enzymes, such as superoxide dismutase and catalase, were decreased in the hepatocyte cytosol as well. ME also increased susceptibility to lipid peroxidation based on a thiobarbituric acid assay in the livers and lungs of rats. In addition, the IL-6 mRNA and protein levels were elevated in the testes of these same rats (Huang et al., 2008) . The results of these studies suggested that oxidative stress is one of the mechanisms underlying ME-mediated toxicity both in vitro and in vivo.
The results of a recent study highlighted the adverse effects of ME on the male reproductive system using a rat inhalation model (Huang et al., 2008) . Reduced testicular weights, spermatid numbers, cauda epididymal sperm numbers, and male mating indices were observed in rats exposed to ME twice daily for a period of 4 weeks. ME caused in a trend toward decrease of glutathione level and increase of lipid peroxidation in the rat testes. Decreased enzyme activities of 7-ethoxycoumarin O-deethylase and superoxide dismutase in the testes were also related to ME exposure. Moreover, the adverse effects of ME, including decreased testosterone and testicular spermatid number, and increased IL-6 mRNA and protein levels, can be partially reversed by vitamin (Vit) E co-treatment, suggesting that ME-induced male reproductive toxicity may be due in part to oxidative stress and the inhibition of steroidogenesis.
Metabolites represent the downstream biochemistry that is directly involved in biological regulation and are therefore closely correlated with phenotype. Furthermore, the metabolome can reflect the physiological conditions in a biological system that is altered by environmental stress or genetic modifications. As with other "-omics" techniques, metabolomics is high-throughput and unbiased. It does not focus on particular metabolic groups based on chemical structure or biological function. Therefore, an overview of the metabolic status that reflects an organism's phenotype can be described. The metabolomic approach has been widely applied in the fields of clinical pharmacology and toxicology, as well as environmental toxicology (Lin et al., 2009a; Santos et al., 2009) . Understanding the impact of xenobiotics or environmental stress on the metabolome will help researchers understand the mechanisms underlying toxicity and will assist in further biomarker development.
In the present study, we assessed the metabolic responses of the male reproductive system to ME exposure and compared them to those of the liver, a major detoxifying organ, using a rat inhalation model. Vit E co-treatment was used to further assess whether oxidative stress is the major toxic mode of action caused by ME. A nuclear magnetic resonance (NMR)-based metabolomic approach was applied to examine the metabolic responses and to further investigate the possible mechanisms underlying ME-induced male reproductive dysfunction.
MATERIALS AND METHODS

Animals and Experimental Design
Male Wistar rats (7 weeks of age) were obtained from the Animal Center of the College of Medicine at National Taiwan University. The animals were housed in an animal room with air conditioning and 12-h light/dark cycles for one week prior to conducting the experiments. The animals were given access to water and rodent laboratory chow (Purina Mills, Inc., St Louis, MO). Twenty-one animals were randomly assigned to 1 of 3 groups: an ME treatment group (n = 6), an ME and Vit E co-treatment group (n = 8), and a control group (which was treated with clean air; n = 7).
For the Vit E co-treatment group, ME-exposed rats were orally administered 50 mg/kg/day of (+)-α-tocopherol (100 IU/g, Sigma-Aldrich Corporation, St. Louis, MO), Monday through Friday, for a period of 4 weeks. The control and ME-treated groups were subjected to gavage with corn oil, vehicle of Vit E. The control and ME-treated groups were handled in the same manner as the ME + Vit E-treated group. After the final exposure, the animals were sacrificed by decapitation under light anesthesia with CO 2 . The use and care of these animals was approved by the Institutional Care and Use Committee, College of Medicine, National Taiwan University.
Exposure Systems
A 1992 Yamaha Cabin motorcycle equipped with a 2-stroke 50-cc engine and a variable venture carburetor was used to generate ME. The vehicle had a mileage of 6658 but functioned well and met the emission standards of the Environmental Protection Administration of Taiwan. The exposure system conditions have been described previously (Ueng et al., 2004a) . In brief, the vehicle was fueled with unleaded gasoline and run on idle speed with an empty load to simulate a motorcyclist sitting in traffic or waiting for traffic lights to change in urban areas. The ME was delivered to the chambers, dehydrated, and diluted 1:10 using filtered air. The diluted ME was then delivered to a head-nose-only exposure inhalation chamber (Technical & Scientific Equipment GMBH, Bad Hamburg, Germany) for rat inhalation. The diluted ME was brought to the inner concentric cylinder in the chamber and delivered to the periphery of the outer cylinder, which contained 21 openings for rat exposure holders and 2 exposure ports for air sampling. The animals were exposed to the diluted ME from 9 to 10 am and 4 to 5 pm daily, Monday through Friday, for a period of 4 weeks.
The exposure chamber atmospheres were analyzed using an aerosol monitor DustTrak 8520 (TSI, Inc.), with a cutoff at 10 µm, and a CA-6200 combustion analyzer (TSI, Inc.). The mean concentrations of exposure chamber atmospheres in the control and ME exposure groups were as follows: particles, 0.4 and 21.4 mg/m 3 ; oxygen, 20.4 and 20.3%; carbon monoxide, 0 and 475.9 ppm; carbon dioxide, 0 and 3.7%; nitric oxide, 0 and 3.9 ppm; and nitric dioxide, 0 and 3.7 ppm, respectively. The measurement ranges for particles, oxygen, carbon monoxide, carbon dioxide, nitric oxide, and nitric dioxide are 0.001 to 100 mg/m 3 , 0-25%, 0-20,000 ppm, 0-CO 2 Max, 0-4,000 ppm, and 0-500 ppm, respectively. The composition of the ME particles and organic extracts of the ME particulate were determined by Ueng et al. (2005) and were as follows: the mean concentrations of PM 1 , PM 2.5 and PM 10 were 118 mg/m 3 , 216 mg/m 3 , and 228 mg/m 3 , respectively. The composition and mean concentrations of PAHs in the organic extract of the ME particulates are summarized in the Supplementary Materials (Table S1 ).
Spermatid and Sperm Number Determinations
The testes were homogenized in phosphate-buffered saline (pH 7.4) using a Teflon-pestle homogenizer. Spermatid numbers were counted from the diluted sperm suspensions on a hemocytometer using a phase-contrast microscope. The cauda epididymal sperm numbers were determined in a similar way.
Metabolite Extraction from Tissue Samples for Metabolomic Analyses
The metabolite extraction method was mainly adapted from that used in the previous studies (Lin et al., 2007) . Briefly, the frozen tissue (hepatic and testicular) samples were ground using a mortar and pestle in liquid nitrogen. The tissue powders were then dried using a lyophilizer, and the dried tissues (~20 mg) were then extracted using chloroform/methanol/water at a final ratio of 2:2:1.8 (Bligh and Dyer, 1959; Lin et al., 2007) . Following centrifugation at 10,000 g and 4°C for 15 min, both the upper (hydrophilic) and lower (hydrophobic) layers were carefully removed and dried. The dried metabolite extracts were stored at -80°C prior to NMR analysis. 1 H and J-resolved (JRES) NMR spectra were obtained using AVANCE 500 AV (for the hepatic extracts) and AVANCE 600 AV (for the testicular extracts) spectrometers (Bruker, Germany) equipped with cryoprobes. The parameters of the NMR acquisition and spectral processes have been described previously Beckonert et al., 2007; Lin et al., 2007) . The hydrophilic metabolites were resuspended in D 2 O containing 0.1 M sodium phosphate buffer (pH 7.4) and 3-trimethylsilyl-2,2,3,3-d 4 -propionate (TMSP, a chemical shift standard). The hydrophobic extracts were resuspended in d-chloroform containing 3% (vol/vol) tetramethylsilane (TMS). The 1 H NMR acquisition parameters included an 8-µs (60°) pulse, a 6-kHz spectral width, a 2.5-s relaxation delay, and a temperature of 300 K. The residual water resonance from the hydrophilic extract samples was suppressed by presaturation. The 1 H NMR spectra were phased, baseline corrected, and calibrated using TMSP or TMS with Topspin software (Version 2.1, Bruker, Germany).
JRES NMR spectra were obtained using 4 transients per increment, for a total of 32 increments. Sixteen data points, using spectral widths of 40 Hz in F1 (spin-spin coupling constant axis) and 6 kHz in F2 (chemical shift axis), were collected. The datasets in F1 were zero-filled to 128 points, and both dimensions were multiplied by sine-bell window functions following Fourier transformation. The spectral process parameters included a tilt, F1 symmetrization, TMSP or TMS calibration (0 ppm), and proton-decoupled skyline projections (p-JRES), all using Topspin.
Peaks assignments in both the 1 H and p-JRES NMR spectra were confirmed using tabular data found in the previously published literature (Casu et al., 1991; Fan, 1996; Tugnoli et al., 2003; Oostendorp et al., 2006; Lin et al., 2009a, b; Ong et al., 2009) and the Chenomx NMR software suite (Professional Edition, Version 4.6, Chenomx, Inc.).
p-JRES NMR Spectral Processes for Statistical Analyses
p-JRES NMR spectra were binned between 0.2 and 10.0 ppm at a bin width of 0.005 ppm to form a total of 1960 segments using a customer-written program, ProMetab (Version 2.1, (Viant, 2003) ), linked with MATLAB (Version 7.8, The MathWorks, Natick, MA). ProMetab further integrated the area within each spectral segment and generated a 1 × 1960 vector to describe the original spectrum. Spectral bins corresponding to residual water resonances were removed. In some cases, the bins were compressed to a single bin to capture peaks with slightly different chemical shifts. The total spectral area of the remaining segments was normalized to unity to facilitate comparisons between the spectra. The binned data were then subjected to log transformation, and the variables were mean-centered prior to conducting the multivariate analyses.
Statistical Analyses
Orthogonal projections to latent structure-discriminant analysis (OPLS-DA) were applied in this study. PLS is a latent variable regression method that is based on the assumption that X (metabolites) can be described by fewer latent variables. In PLS, latent variables are calculated to maximize the co-variation between X and Y (treatment classes). O-PLS further analyzes the variation in each PLS component and removes non-correlated systemic information (orthogonal variation to Y) in X (Trygg and Wold, 2002) . Therefore, O-PLS improves the interpretational ability and reduces model complexity. OPLS-DA has been applied when modeling classes of data to maximize class separation, simplify interpretation, and identify potential biomarkers.
Spectral data were imported to SIMCA-P+12 (Umetrics, Umea, Sweden) for the multivariate statistical analysis. OPLS-DA models were validated using a 7-round crossvalidation procedure. Cross-validation can provide information that can be used to determine the amounts of significant components by analyzing the total amounts of explained X (R 2 X) and Y (R 2 Y), and the cross-validated predictive ability (Q 2 ). R 2 Y and Q 2 represent how well the model fits the Y and the predictive accuracy of the model, respectively. Then, loading plots and S-plots illustrate metabolites that contribute to the class separation.
The spectral bins contributing to the clusters were identified, and the changes in the corresponding peak areas among the experimental groups were further examined using analysis of variance (ANOVA) followed by Duncan's new multiple range test.
RESULTS
Effects of ME Treatment Alone and ME Plus Vit E Cotreatment on Body Weight, Organ Weight, and Sperm Count In Rats ME inhalation, with or without Vit E co-treatment, resulted in a 12% decrease in body weight (Table 1) . ME inhalation decreased the testicular weight, testicular and cauda epididymal spermatid count by 19%, 54%, and 76%, respectively. However, co-treatment with Vit E lessened the effects of ME inhalation, resulting in a 12% decrease in testicular weight, a 29% decrease in testicular spermatid count, and a 66% decrease in cauda epididymal spermatid count compared with the control group. The ME and ME + Vit E groups showed significantly reduced testicular weight, testicular spermatid count, and cauda epididymal sperm count compared to the control group (p < 0.01). Although a trend toward increased sperm count was observed in the testes and cauda epididymides after Vit E co-treatment, it was only statistically significant in the cauda epididymides (p < 0.05).
NMR Spectra and Metabolite Assignment
The representative 1 H and p-JRES NMR spectra of hydrophilic and hydrophobic metabolites from the testes and liver are shown in Figs. 1-2 and Supplemental Figs. S1-S2, respectively. The 1 H and p -JRES NMR spectra of the hydrophilic extracts were similar, with the exception of the p-JRES generated simple and well-resolved peaks with a flat baseline. Unlike the similarities observed between the 1 H and p-JRES NMR spectra of the hydrophilic extracts, several hydrophobic metabolites (i.e., fatty acyl chains -CH 2 CH= and =CHCH 2 CH=) displayed stronger signals in the 1 H NMR spectra, while a few of the metabolites (i.e., triglycerides) displayed stronger peaks in the p-JRES NMR spectra. The peak location (ppm), multiplicity, and integrated areas in both the 1 H and p-JRES NMR spectra provided information for peak assignment. The likelihood of observing and correctly identifying metabolites increased by examining both spectra. Only the peaks that satisfied all of the criteria were assigned (Supplemental Tables S2 and  S3 ). The p-JRES spectra provided flat baselines with simple and well-resolved peaks, as described earlier (Viant, 2003; Ludwig and Viant, 2010) ; therefore, these spectra were further processed to generate binned spectral areas for multivariate analyses.
Metabolic Responses to ME Treatment Alone and ME Plus Vit E Co-treatment in the Testes
p-JRES NMR spectra of both the hydrophilic and hydrophobic metabolites from the testes and liver were further analyzed using OPLS-DA. OPLS-DA scores plots can demonstrate the groupings, trends, and outliers of observations (samples). Within the scores plots, each symbol represents one sample, and the closer these symbols are to each other, the closer their properties are. Two outliers (1 control and 1 ME sample) that fell outside of Hotelling's T 2 distribution were observed in the scores plot from the analyses of testicular hydrophilic metabolite spectra and were therefore excluded. The final OPLS-DA model (2 predictive components) was established based on the metabolome of Table 1 . Effects of motorcycle exhaust (ME) treatment alone and ME plus vitamin E co-treatment on body weight, organ weights and sperm count in rats. H NMR (a) and p-JRES NMR (b) spectra for the hydrophilic metabolites extracted from the rat testes. The identified metabolites were as follows: 1. Leucine, 2. valine, 3. lactate, 4. alanine, 5. acetate, 6. glutamate, 7. aspartate, 8. trimethylamine, 9. creatine, 10. ethanolamine, 11. phosphocholine, 12. glycine, 13. glutathione, 14. glucose, 15. betaine, 16. adenosine, and 17. tyrosine. the testicular hydrophilic metabolites from 3 groups (Fig. 3) . The RX 2 , R 2 Y, and Q 2 were 0.896, 1.000, and 0.356, respectively. The OPLS-DA model explains the high variation between the groups. The components of ME in the group that was co-treated with Vit E were well separated from the other groups along the first predictive component. Furthermore, the second predictive component separated the ME-treated samples from the controls.
Control
S-plots identify the variables (metabolites) that make the most important contributions to distinguish metabolic variation among groups in an OPLS-DA model. To solidify the significance of metabolic changes, the use of conventional statistical analytical methods, i.e., ANOVA, is essential. ANOVA, followed by Dunnett's test, in combination with S-plots (Figs. 4(a) and 4(b) ) led to the identification of metabolites related to the clustering of hydrophilic metabolite spectra from the testes (Fig. 3) . The levels of ethanolamine and inositol in the ME + Vit Etreated group were significantly lower than those in the control group (p < 0.05) (Fig. 5(a) ). Moreover, betaine levels were significantly higher in the ME-treated group than that in the control group (p < 0.05). The levels of numerous amino acids, such as alanine, glycine, leucine, tyrosine, and valine, were elevated in the ME-treated group compared to the other two groups (Fig. 5(b) ). The changes in these amino acids did not achieve statistical significance, although they were close to p = 0.05. Due to the small sample sizes in this study, the consistent increases in the levels of these amino acids that were observed in the ME-treated group may not have been random.
The OPLS-DA model of the testicular hydrophobic metabolite spectra did not cluster the samples based on treatment groups. However, a clear 2-group separation along the first orthogonal component was observed. Seven samples (2 control, 2 ME, and 3 ME + Vit E) were separated from the others. By comparing the original NMR spectra, we found that the spectra of those 7 samples contained series of peaks approximately 4.2, 7.5, and 7.7 ppm, which were assigned as lipid hydroperoxide/conjugated dienes (Waters et al., 2002; Pajunen et al., 2008) . The lipid hydroperoxide H NMR (a) and p-JRES NMR (b) spectra from the hydrophobic metabolites extracted from the rat testes. The identified metabolites were identified as follows: 1. Cholesterol, 2. fatty acyl chain terminal CH 3 , 3. fatty acyl chain (CH 2 ) n , 4. fatty acyl chain -CH 2 CH=, 5. fatty acyl chain -CH 2 -CO, 6. fatty acyl chain =CHCH 2 CH=, 7. phosphatidylcholine, 8. glycerol backbone C-1 H 2 /C-3 H 2 , 9. phospholipid glycerol backbone C-2 H 2 , 10. triglyceride glycerol backbone C-2 H 2 , and 11. fatty acyl chain -HC=CH-. The peaks labeled 13 C are the carbon-13 satellites of CHCl 3 . Fig. 3 . OPLS-DA scores plot from the analysis of the p-JRES NMR spectra of the hydrophilic metabolites extracted from the testes of rats exposed to motorcycle exhaust (ME) (n = 5) (○), ME and vitamin E co-treatment (n = 8) (◇), or clean air (n = 6) (□). This pattern recognition model illustrates clear metabolic clustering among the 3 groups along the first two predictive components. Two outliers (1 from the control group and 1 from the motorcycle exhaust-treated group) that fell outside of Hotelling's T 2 distribution were excluded. The ellipse represents Hotelling's T 2 range (at a significance level of 0.05). (Fig. 3 ) from the analysis of the p-JRES NMR spectra of the testicular hydrophilic extracts. Each spot denotes one variable that represents one spectral segment. Metabolites that made the most important contributions to distinguishing variations among the groups were identified. reflected lipid peroxidation processes, which are closely related to cellular injury. However, these peroxide metabolites were not correlated with ME exposure.
Metabolic Responses to ME Treatment Alone and ME Plus Vit E Co-treatment in the Liver
The OPLS-DA models for the p-JRES spectra of the hydrophilic metabolites in the liver did not appear to be well separated among the 3 treatment groups. The R 2 X, R 2 Y, and Q 2 values were 0.526, 0.598, and 0.110, respectively. The majority of the well-resolved peaks from the p-JRES NMR spectra were identified (Supplemental Table S3 ) and selected to determine the significance of the changes using ANOVA; however, the metabolic changes were not statistically significant.
The OPLS-DA model of the p-JRES spectra of the hydrophobic metabolic extracts from the liver demonstrated little effects of ME or Vit E on the liver metabolome. The R 2 X, R 2 Y, and Q 2 values in this model were 0.324, 0.508, and 0.069, respectively. The majority of the well-resolved peaks in the NMR spectra were identified (Supplemental Table S3 ) and integrated following ANOVA to examine the equality among the groups. We found that the majority of the identified lipids were decreased following ME treatment, with or without Vit E treatment. Moreover, the increased levels of trimethylamine and decreased levels of phosphatidylcholine, unsaturated fatty acyl chains (-CH=CH-), and fatty acyl chain terminals (-CH 3 ) approached statistical significance (close or equal to p values of 0.05) (Fig. 6 ) in the ME + Vit E-treated group. Fig. 5 . Metabolic changes in the testes of rats exposed to motorcycle exhaust (ME), ME + Vitamin (Vit) E, or the control (Ctrl). (a) Significantly altered metabolites were highlighted (* denotes p < 0.05). (b) The levels of numerous amino acids were increased in the ME-treated group compared with the Vit E co-treatment and control groups. Fig. 6 . Metabolic changes in the livers of rats exposed to motorcycle exhaust (ME) or ME + Vitamin (Vit) E compared with the control (Ctrl). Increased levels of trimethylamine and decreased levels of lipids were observed in the ME-treated and ME + Vit E-treated groups. PC (phosphatidylcholine) and FA (fatty acyl chain).
DISCUSSION
Effects of ME Treatment Alone and ME Plus Vit E Cotreatment on the Testes ME contains volatile organic compounds, PAHs, as well as fine and ultrafine particles (Yang et al., 2005a; Vasic and Weilenmann, 2006; Chang and Chen, 2008) , which can travel deep into the lungs and cause systemic adverse effects. ME-mediated reproductive effects were first reported in our group using a rat inhalation study (Huang et al., 2008) . Although ME may not be the largest contributor to the very low birth rate in Taiwan, its effects on the health of the general population and subsequent generations are of public interest. In the present study, ME exposure caused decreases in testicular weight and spermatid number, which were partially attenuated by Vit E co-treatment. Vit E might protect sperm from oxidative stress or apoptosis during certain stages of spermatogenesis. The metabolic responses to ME or ME + Vit E treatment in the rat testes provided valuable information regarding the possible toxic mechanisms of action of ME. In our results, numerous amino acids, such as alanine, glycine, leucine, tyrosine, and valine, were consistently elevated in the testes of rats in the ME-exposed group. Betaine, ethanolamine, and inositol were significantly altered (p < 0.05) in the testes. Thus, our discussion mainly focuses on the roles of these metabolites and their potential to induce male reproductive toxicity.
Based on the results of the testicular weight and spermatid number analyses, ME treatment with or without Vit E generated adverse effects in the testes which were partially attenuated by Vit E co-treatment. These results were consistent with the testicular amino acid findings. Numerous amino acids, such as alanine, glycine, leucine, tyrosine, and valine, were elevated in the ME-treated group. These increases may have resulted from protein degradation or shifts in the energy supply when the testes were subjected to ME-induced stress. Elevated amino acid levels may provide an extra energy supply that allows organisms to maintain basic biological functions when they are under stress. The results of previous studies have demonstrated that alanine, leucine and valine are important substrates for Sertoli cell energy metabolism (Kaiser et al., 2005) . Although the full picture of the energetic supply in the process of spermatogenesis remains to be determined, amino acids are believed to play an important role. The increased amounts of amino acids were thought to have been contributed by either Sertoli cell or germ cells. Increases in amino acids have been reported in earthworms and salmon smolts exposed to PAHs (Jones et al., 2008; Lin et al., 2009a) . After Vit E cotreatment, the changes in these testicular amino acids were potentially attenuated, indicating the anti-oxidative protective effects of Vit E. This protective mechanism ensures testicular function and the ability to adapt to additional stresses.
Our results demonstrated that the testicular betaine levels were significantly elevated in ME-treated rats, whereas the levels in the ME + Vit E-treated group were between those in the control and ME-treated groups. The results were negatively correlated with the sperm count trend among 3 groups. Betaine is an oxidized metabolite of choline, which is the substrate for the most abundant membrane lipids, phosphatidylcholine (PC) and sphingomyelin. High levels of unsaturated fatty acids on the sperm membrane provide ideal sites for peroxidative attacks, and, subsequently, spermatozoa lose membrane integrity and the ability to maintain sperm function and motility. In the present study, the appearance of lipid hydroperoxide in the NMR spectra of the testicular extracts was not related to any of the treatments. However, previous work has shown that ME causes a trend toward increasing lipid peroxidation, based on the results of a thiobarbituric acid assay in rat testes using the same exposure protocol (Huang et al., 2008) . Increased betaine levels in the ME-treated group may indicate that enhanced lipid catabolism occurred, thereby removing damaged lipids or disrupting lipid synthesis.
With Vit E co-treatment, the effects of ME on betaine were partially reversed, indicating that Vit E may maintain lipid pool homeostasis.
The levels of two lipid synthesis substrates, inositol and ethanolamine, were found to have decreased in the testes of rats exposed to ME + Vit E co-treatment. Although the reduced levels of both metabolites were not statistically significant in the ME group, a similar trend was found in the ME group. Inositol is primarily synthesized in the testes via the circulation of glucose-6-phosphate by inositol-1-phosphate synthase, followed by inositol-1-phosphatase (Eisenberg, 1967) . The levels of inositol increase as sperm travel from the testes to the epididymis, leading to the belief that inositol may play a role in spermatozoa maturation as they migrate from the testes (Eisenberg and Bolden, 1964) . Moreover, the inositol concentration in the rete testis fluids of rams was also found to be positively correlated with spermatogenic activity (Setchell et al., 1971) . In the present study, the testicular inositol level was found to have decreased in rats that had been exposed to ME, with or without Vit E co-treatment. ME-induced adverse effects on spermatozoa maturation were suspected. Decreases in testicular inositol may lead to a lack of substrates for the biosynthesis of lipids, specifically phosphatidylinositol, that are required for sperm growth. Ethanolamine is a substrate for phosphatidylethanolamine (PE), which is a major phospholipid component and the second most abundant phospholipid in mammalian cellular membranes. The decreased ethanolamine levels in the testes may also suggest decreased PE biosynthesis, which could limit sperm growth.
The trend of reduced inositol and ethanolamine levels may partially explain the decreases in spermatid number in the rats that were exposed to ME, with or without Vit E cotreatment. The decrease was only statistically significant in the ME + Vit E group. The lack of significance in the ME group may be due to the limited sample size. It is also possible that the decrease is due to Vit E treatment. To identify the cause definitively, future studies should include a group that receives Vit E treatment alone. Moreover, the limited ability of Vit E to reverse the ME-mediated metabolic effects and effects on testicular sperm count suggests that mechanisms in addition to oxidative damage may be involved in male reproductive toxicity.
Effects of ME Treatment Alone and ME Plus Vit E Cotreatment on the Liver
Although ME does not induce significant injury in the rat liver, it alters many metabolic enzymes, such as CYP 1A1, superoxide dismutase, and catalase Ueng et al., 2004b) , as well as increases susceptibility to lipid peroxidation. In the present study, decreases in PC, unsaturated fatty acyl chains (-CH=CH-), and fatty acyl chain terminals (-CH 3 ) were found, along with increased trimethylamine and trimethylamine N-oxide in the livers of ME-treated rats, especially those that had undergone Vit E co-treatment. Although these changes were not statistically significant, the p values of these metabolites in the livers were close to p = 0.05. Due to the small sample sizes in this study, the trends of these changes may indicate that certain biological effects have occurred. Trimethylamine, a product of lipid catabolism, can be further metabolized to trimethylamine N-oxide. The decreased PC, unsaturated fatty acyl chains (-CH=CH-), and fatty acyl chain terminal (-CH 3 ) levels in the livers of ME-exposed rats, despite Vit E treatment, suggested possible alterations in the balance of lipid catabolism by shifting PC toward increased trimethylamine N-oxide production. The results suggested that the induction of lipid degradation removed excessive lipids. Similar decreases in lipids that were accompanied by increases in lipid catabolism products were also observed in the livers of rats treated with alpha-naphthylisothiocyanate and high doses of triadimefon (Waters et al., 2001; Ekman et al., 2006) .
The alterations in these metabolites were more significant in the livers of the ME + Vit E-treated group than in the group treated with ME alone. Whether the accelerated lipid metabolism caused by Vit E resulted from cellular stress or rejuvenation was not determined in this study.
Limitations
Because metabolomic studies generate huge and complex datasets, analysis that can provide a summary or overview of the observations in a simple and straightforward manner is essential. Our study design used a pattern recognition method to identify potential biomarkers in the datasets and further used a traditional statistical method to confirm the significance of the changes in these molecules. The strengths of OPLS-DA are that it enhances group separation and identifies potential biomarkers. In many cases, the variables (metabolites) contributing to the clustering may not differ statistically when analyzed using ANOVA. Our ANOVA results revealed that changes in the levels of numerous metabolites were close but not statistically significant, which is likely due to the small sample sizes. In addition, due to limited sensitivity of the NMR instrument, several low abundant and unknown metabolites, which might be important, were not included in our analysis. Therefore, one of the limitations of this study is the fact that lowabundance molecules related to the mechanism underlying toxicity may not have been identified. Although a trend of decreased levels of ethanolamine and inositol was found in all ME treated rats, it was only significant in the ME + Vit E group. A Vit E only group should be included in future studies to confirm the influence of Vit E on metabolic effects.
Several publications have shown that multiple factors may affect metabolic characterization, including sex, strain, diurnal variations (Plumb et al., 2003; Hines et al., 2007) , age (Plumb et al., 2005) , intestinal microflora (Williams et al., 2002) , and animal caging and handling (Robertson et al., 2002) . Therefore, we made every attempt to avoid variations in the experimental procedures. In addition, we concluded that the metabolome is sensitive and that the use of a highthroughput and unbiased metabolomic approach can reveal unexpected findings.
CONCLUSIONS
The effects of motorcycles on air quality and public health have been largely underestimated and ignored. The aims of the present study were to identify the molecular events underlying ME-induced male reproductive toxicity using a high-throughput and unbiased metabolomic approach. The proposed mechanism, the alteration of lipid metabolism and energy-related metabolism in the testes of ME-exposed rats, provided a hypothesis that can be tested in further studies. The decreased spermatid numbers and increased levels of betaine and amino acids in the ME-treated group were partially attenuated by treatment with Vit E. In addition to oxidative damage, other mechanisms may be involved in male reproductive toxicity. The inhibition of steroidogenesis was suggested to be a possible mechanism underlying ME-induced male reproductive toxicity; however, the testosterone signals in the NMR spectra of the testicular extracts were too low to be identified. Further studies of the effects of ME on steroidogenesis in both the testes and blood using an MS-based approach will aid in the mechanistic understanding of ME exposure and may lead to the further development of potential biomarkers that can be used for diagnostic purposes. Our hope is that this study will draw public attention to the potential adverse effects of ME on the male reproductive system. Further toxicological studies to characterize ME-induced male reproductive toxicity are essential for risk assessment and for the development of safer practices.
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